Rationale Regulator of G protein signaling (RGS) proteins act as negative modulators of G protein signaling. RGS4 has been shown to negatively modulate G protein signaling mediated by the delta opioid receptor (DOPr) in vitro. However, the role of RGS4 in modulating DOPr-mediated behaviors in vivo has not been elucidated. Objective The aim of this study was to compare the ability of the DOPr agonist SNC80 to induce DOPr-mediated antinociception, antihyperalgesia, antidepressant-like effects, and convulsions in wild-type and RGS4 knockout mice. Methods Antinociception was assessed in the acetic acid stretch assay. Antihyperalgesia was measured in a nitroglycerin-induced thermal hyperalgesia assay. Antidepressant-like effects were evaluated in the forced swim and tail suspension tests. Mice were also observed for convulsive activity post-SNC80 treatment. SNC80-induced phosphorylation of MAP kinase in striatal tissue from RGS4 wild-type and knockout mice was quantified by Western blot. DOPr number from forebrain tissue was measured using [ 3 H]DPDPE saturation binding. Results Elimination of RGS4 potentiated SNC80-induced antinociception and antihyperalgesia. SNC80-induced antidepressant-like effects were potentiated in RGS4 knockout mice in the forced swim test but not in the tail suspension test. Additionally, RGS4 knockout did not alter SNC80-induced convulsions. SNC80-induced phosphorylation of MAP kinase was potentiated in striatum from RGS4 knockout mice. Loss of RGS4 did not affect total DOPr number. Conclusions Overall, these findings demonstrate that reduction of RGS4 functionally may increase the therapeutic index of SNC80. These results provide the first evidence of differential regulation of DOPr-mediated behaviors by RGS proteins and G protein signaling pathways.
Introduction
Regulator of G protein signaling 4 (RGS4) is a member of the R4 subfamily of RGS proteins and interacts with Gα i/o proteins (Hollinger and Hepler 2002) . Like other RGS proteins, RGS4 inhibits G protein signaling by binding Gα and accelerating Gα-mediated guanosine triphosphate (GTP) hydrolysis. This acceleration of GTP hydrolysis shortens the lifetime of the active Gα-GTP complex and limits signal transduction to downstream effectors. RGS4 is highly expressed in multiple brain regions including the cerebral cortex, amygdala, hippocampus, and striatum (Nomoto et al. 1997 ) and negatively regulates signaling at multiple G protein-coupled receptor (GPCR) types including 5-HT1A (Gu et al. 2007 ), M3 muscarinic (Blazer et al. 2015) , and delta (DOPr) and mu (MOPr) opioid receptors (Wang et al. 2009; Leontiadis et al. 2009 ).
Opioid receptors are class A GPCRs that couple to Gα i/o proteins. In rodents, activation of DOPr induces antinociception, antihyperalgesia, and antidepressant-like effects without the constipation, respiratory depression, and abuse liability associated with mu opioid receptor agonists (for review, see Chu Sin Chung and Kieffer 2013) . Some DOPr agonists also produce convulsions, hindering their development as therapeutics (Comer et al. 1993; Hong et al. 1998) . Little is known about the signaling molecules and pathways involved in DOPr-mediated behaviors and potential therapeutic effects. DOPr is abundantly expressed in brain regions with high RGS4 expression (Lutz and Kieffer 2013) . There are multiple, albeit somewhat discrepant, reports on the role of RGS4 in modulating opioid receptor function. In transfected HEK293 cells, RGS4 is recruited to the plasma membrane upon agonist-induced activation of DOPr or MOPr where it associates with either receptor (Leontiadis et al. 2009 ). RGS4 also attenuated DOPr-and MOPrmediated phosphorylation of ERK in those cells. However, in a SH-SY5Y neuroblastoma cell line endogenously expressing RGS4, DOPr, and MOPr, siRNA-induced inhibition of RGS4 potentiated ERK phosphorylation and inhibition of cAMP accumulation mediated by DOPr, but not MOPr (Wang et al. 2009 ). In vivo, a single dose of the DOPr agonist SNC80 (5 mg/kg) in the mouse forced swim test (FST) decreased immobility to a greater degree in RGS4 knockout mice relative to wild-type mice (Stratinaki et al. 2013) , suggesting that RGS4 may also regulate DOPr signaling in vivo; however, its function is not clear based on this single-dose experiment.
The role of RGS proteins in modulating other DOPrmediated behaviors has not been fully elucidated. Determining the intracellular signaling pathways that give rise to DOPr-mediated behaviors, and DOPr-mediated convulsions in particular, is critical for the development of DOPr drugs with improved safety and clinical utility. Therefore, to better understand the downstream signaling mechanisms, specifically the role of RGS4, contributing to DOPr-mediated behaviors, we evaluated the effects of the DOPr selective agonist SNC80 to induce antinociception, antihyperalgesia, antidepressant-like effects, and convulsions in wild-type and RGS4 knockout mice.
Materials and methods

Subjects
The Rgs4tm1Dgen/J mouse strain was obtained from The Jackson Laboratory (Bar Harbor, Maine, http://jaxmice.jax. org/strain/ 005833.html; Cifelli et al. 2008 ). Mice were backcrossed at least six generations into a C57BL/6 background and maintained in-house as heterozygote harem (one male, two female) breeding groups. Wild-type littermates (+/+) were used as controls in all experiments involving C57 RGS4 heterozygote (+/R4) and homozygote (R4/R4) knockout mice. For studies in which transgenic mice were not required, C57BL/6N mice (17-30 g) were obtained from Envigo (formerly Harlan, Indianapolis, IN). Mice were housed in groups of two to four animals per cage. Animals were used between 8 and 15 weeks of age at time of experiment and weighed 15-32 g. Mice had free access to standard lab chow and water and were maintained in a temperature-and humidity-controlled environment on a 12-h dark/light cycle with lights on at 7:00 a.m. All animal use procedures complied with the Guide for the Care and Use of Laboratory Animals by the National Institutes of Health and were approved by the University of Michigan Institutional Committee on the Use and Care of Animals. Mice were tested only once, and all analyses are between-subject.
Drugs
All drugs were injected at a volume of 10 ml/kg unless otherwise noted. SNC80 ((+)-4-[(αR)-α-((2S,5R)-4-allyl-2,5-dim e t h y l -1 -p i p e r a z i n y l ) -3 -m e t h o x y b e n z y l ] -N , Ndiethylbenzamide) was dissolved in 1 M HCl and diluted in sterile water to a concentration of 3 % HCl. Naltrindole (NTI) was dissolved in sterile water. N-methylnaltrexone (SigmaAldrich, St. Louis, MO) was dissolved in saline. The RGS4-selective RGS inhibitor CCG-203769 (2-ethyl-4-butyl-1,2,4-thiadiazolidine-3,5-dione) was synthesized as previously described and dissolved in saline (Turner et al. 2012) . Nitroglycerin (NTG) was provided by Dr. D. Adam Lauver (Department of Pharmacology, University of Michigan) and was diluted in saline. Glacial acetic acid (Mallinckrodt Specialty Chemicals, Paris, KY) was diluted in sterile water to a concentration of 0.6 % and given as a standard 0.4 ml similar to published methods (Broom et al. 2000, b) . All drugs were administered subcutaneously (sc) except for NTG and acetic acid which were given by intraperitoneal (ip) injection.
Acetic acid stretch assay
The acetic acid stretch assay protocol was performed as previously described (Hong et al. 1998; Broom et al. 2000 Broom et al. , 2002b . Male and female mice were injected with SNC80 (1, 3.2, 10, 32 mg/kg), morphine (0.1, 1 mg/kg), or vehicle and immediately placed in separate cages (18 × 28 × 13 cm). Thirty minutes following drug injection, 0.4 ml of 0.6 % acetic acid was administered ip. Animals were observed for abdominal stretches for 30 min beginning 5 min after acetic acid administration. Abdominal stretches were characterized by contraction of the abdominal musculature and extension of the hind limbs. CCG-203769 (0.01, 0.1, 1 mg/kg) was administered 3 min after injection of acetic acid (2 min before observation of stretching). Naltrindole (3.2 mg/kg) was injected 30 min prior to, and naltrexone (3.2 mg/kg) and N-methylnaltrexone (10 mg/kg) were injected 10 min prior to SNC80 administration.
Tail suspension test
The procedure for the tail suspension test was adapted from Steru et al. (1985) . Male C57RGS4 mice were given SNC80 (0.32, 1, 3.2, 10 mg/kg) or vehicle. After 30 min, mice were suspended by their tail from a height of ∼35 cm using selfsticking tape and their behavior was recorded for 6 min using a Sony HDR-CX220 digital camcorder. In one experiment for comparison with the forced swim test (described below), mice were given SNC80 (1, 3.2, 10 mg/kg) 60 min prior to the tail suspension test. Videos were analyzed by individuals blind to the experimental conditions, and the time (out of the total 6 min) which the animals spent immobile was quantified. Immobility was defined as the animal remaining motionless or making only minor, non-escape-related movements.
Forced swim test
The forced swim test was adapted from Porsolt et al. (1977) . Sixty minutes after SNC80 (0.1, 0.32, 1, 3.2, 10, 32 mg/kg) or vehicle injection, each mouse was placed in a 4-l beaker filled with 15 cm of 25 ± 1°C water and its behavior was recorded for 6 min using a Sony HDR-CX220 digital camcorder. Videos were analyzed by individuals blind to the experimental conditions, and the amount of time the animals spent immobile was quantified. Immobility was defined as the mouse not actively traveling through the water and making only movements necessary to stay afloat. The time the mouse spends immobile after the first 30 s of the assay was recorded.
Nitroglycerin-induced hyperalgesia
The NTG-induced hyperalgesia assay was adapted from Bates et al. (2010) using modifications described in Pradhan et al. (2014) . Male C57BL6 or male and female C57RGS4 mice were used to evaluate NTG-induced hyperalgesia. Hyperalgesia was assessed by immersing the tail (∼5 cm from the tip) in a 46°C water bath and determining the latency for the animal to withdraw its tail with a cutoff time of 60 s. After determining baseline withdrawal latencies, 10 mg/kg NTG (ip) was administered to each animal. Tail withdrawal latency was assessed again 1 h after NTG administration. At 90 min post-NTG, animals received an injection of SNC80 (0.32, 1, 3.2, 10 mg/kg) or vehicle and mice were observed continuously in individual cages for 20 min to observe for convulsions (see section below). Tail withdrawal latencies were assessed again 30 min after SNC80 administration. Naltrindole (3.2 mg/kg) was injected 30 min prior to SNC80 administration. Naltrexone (3.2 mg/kg) and Nmethylnaltrexone (10 mg/kg) were injected 10 min prior to SNC80 administration (see Fig. 4a ).
SNC80-induced convulsions
Mice were observed continuously in individual cages for convulsions. NTG treatment had no effect on the frequency or nature of SNC80-induced convulsions (data not shown). Convulsions were composed of a tonic phase characterized by sudden tensing of the musculature and extension of the forepaws followed by clonic contractions that extended the length of the body. Convulsions were followed by a period of catalepsy that lasted 2-5 min after which the animals were indistinguishable from untreated controls. Post-convulsion catalepsy was assessed by placing a horizontal rod under the forepaws of the mouse, and a positive catalepsy score was assigned if the mouse did not remove its forepaws after 30 s.
DOPr saturation binding and signaling assay
RGS4 protein was identified in whole striatum of R4/R4 mice and wild-type littermates by Western blot as compared to purified RGS4 protein with a specific RGS4 antibody as previously described (Wang et al. 2009 ). α-Tubulin was used as a loading control. For saturation binding assays, mice were decapitated and whole brain or striatum was removed and membranes were freshly prepared as previously described (Broom et al. 2002b) . Protein concentrations were determined with a BCA assay kit (Thermo Scientific, Rockford, IL). Specific binding of the DOPr agonist [ 3 H]DPDPE was determined as described using 10 μM of the opioid antagonist naloxone to define non-specific binding as described (Broom et al. 2002b ). Reactions were incubated for 60 min at 26°C and stopped by rapid filtration through GF/C filter mats using a MLR-24 harvester (Brandel, Gaithersburg, MD). Bound [ 3 H]DPDPE was determined by scintillation counting and B max and K d values calculated using non-linear regression analysis with GraphPad Prism version 6.02 (GraphPad, San Diego, CA).
Whole striatal tissues from R4/R4 mice or wild-type littermates were incubated with or without 10 μM SNC80 for 5 min at 37°C. Samples were prepared and subjected to gel electrophoresis as previously described (Wang et al. 2009 ). The level of activation of the MAPK pathway was determined by Western blotting with anti-phospho-p44/42MAPK (Thr202/Tyr204) antibody or anti-p44/42 MAPK antibody (Cell Signaling Technology, Danvers, MA). Images were acquired and quantified using an Odyssey FC Imaging System (LI-COR Biosciences, Lincoln, NE). MAPK activity was calculated as the ratio of normalized arbitrary units (a.u.) of phosphorylated ERK1/2 over total ERK1/2 and presented as percent of vehicle-treated control.
Data analysis
Three-way ANOVA was performed using SPSS Statistics 22 (IBM, Armonk, NY). All other data analysis was performed using GraphPad Prism version 6.02 (GraphPad, San Diego, CA). Post hoc analysis was conducted using the Tukey's post hoc test to correct for multiple comparisons. For all tests, level of significance (α) was set to 0.05. ED 50 values were calculated using GraphPad Prism version 6.02 by extrapolating the 50 % maximum effect from the straight line analysis of the averaged treatment group data used to generate each dose effect function.
Results
Effects of RGS4 on DOPr-mediated antinociception
To determine whether RGS4 plays a role in DOPr-mediated antinociception, the effects of the DOPr agonist SNC80 were evaluated in RGS4 wild-type (+/+), heterozygous (+/R4), and homozygous (R4/R4) mutant mice in the acetic acid stretch assay (Fig. 1a) . Two-way ANOVA revealed a significant interaction (SNC80 dose [1-32 mg/kg only] × genotype, F(8,86) = 3.2, p = 0.0034), as well as significant main effects of SNC80 dose (F(4,86) = 15.4, p < 0.0001) and genotype (F(2,86) = 25.07, p < 0.0001). Overall, the potency of SNC80 to reduce stretching was significantly increased in the RGS4 mutant mice as evidenced by an approximate 6-fold leftward shift in the +/R4 dose effect curve and 27-fold leftward shift in the dose effect curve of the R4/R4 mice (ED 50 values: +/+, 41 mg/kg; +/R4, 6.9 mg/kg; R4/R4, 1.5 mg/kg).
Because elimination or reduced levels of RGS4 enhanced SNC80-induced antinociception, we evaluated the effects of pharmacological inhibition of RGS4 with CCG-203769 (Blazer et al. 2015) on SNC80-induced antinociception in C57BL6 wild-type mice (Fig. 1b) . Two-way ANOVA revealed a significant interaction (SNC80 dose × CCG-203769 dose, F(3,42) = 3.9, p = 0.02) and significant main effects of SNC80 dose (F(1,42) = 24.3, p < 0.0001) and CCG-203769 dose (F(3,42) = 6.9, p = 0.0007). Administration of either an ineffective SNC80 dose (3.2 mg/kg) or various doses of CCG-203769 alone did not alter stretching behavior; however, CCG-203769 dose-dependently enhanced antinociception produced by 3.2 mg/kg SNC80, such that the combination of 3.2 mg/kg SNC80 with either 0.1 or 1 mg/kg CCG-203769 significantly reduced stretching.
To assess the role of DOPr in SNC80-induced antinociception in the acetic acid stretch assay, RGS4 knockout mice were pretreated with the DOPr-selective antagonist naltrindole (Fig. 1c) . Three-way ANOVA revealed a significant main effect of SNC80 (F(1,63) = 38.7, p < 0.0001) and a trend towards a significant SNC80 × genotype interaction (F(2,63) = 2.5, p = 0.087). SNC80-induced reduction of stretching was completely blocked upon pretreatment with 3.2 mg/kg naltrindole (SNC80 dose × naltrindole dose, F(1,63) = 52.2, p < 0.0001), indicating a DOPr-mediated effect. This effect of naltrindole did not differ between RGS4 wild-type and mutant mice.
To investigate whether the effects of SNC80 in the acetic acid stretch assay were peripherally or centrally mediated, C57BL6 wild-type mice were pretreated with the non-specific opioid antagonist naltrexone or its peripherally limited analog Nmethylnaltrexone in the acetic acid stretch assay (Fig. 1d) . Administration of 32 mg/kg SNC80 significantly reduced stretching in vehicle-pretreated animals, but pretreatment with either 3.2 mg/kg naltrexone or 10 mg/kg N-methylnaltrexone significantly attenuated the SNC80-induced reduction in stretching (one-way ANOVA, F(3,20) = 14.6, p < 0.0001).
To determine whether the role of RGS4 in opioid-induced a n t i n o c i c e p t i o n w a s l i m i t e d t o D O P r-m e d i a t e d antinociception, the mu opioid receptor agonist actions of morphine were evaluated in RGS4 transgenic mice in the acetic acid stretch assay (Fig. 1e) . The main effect of morphine dose was significant (F(2,45) = 28.5, p < 0.0001), but there was no main effect of genotype and no morphine dose × genotype interaction. Increasing doses of morphine produced similar decreases in stretching in RGS4 +/+, +/R4, and R4/R4 mice. In addition, pharmacological inhibition of RGS4 by CCG-203769 did not alter the effects of morphine in the acetic acid stretch assay (Fig. 1f) . Treatment of C57BL6 wild-type mice with 0.1 mg/kg morphine significantly reduced s t r e t c h i n g r e l a t i v e t o v e h i c l e -t r e a t e d c o n t r o l s (F(1,26) = 13.2, p = 0.001), and this decrease was not enhanced by administration of 1 mg/kg CCG-203769.
Effects of RGS4 on DOPr-mediated antidepressant-like effects
The effects of SNC80 on immobility time in the forced swim test were evaluated in RGS4 +/+, +/R4, and R4/R4 mice (Fig. 2a) . Two-way ANOVA revealed a significant interaction (SNC80 dose [0.1-10 mg/kg only] × genotype, F(10,102) = 6,1, p < 0.0001) and a significant main effect of SNC80 dose (F(5,102) = 17.1, p < 0.0001), but no effect of genotype. In all three genotypes, SNC80 produced a U-shaped dose effect curve with similar magnitude of maximum effect, albeit at different doses (+/+, 10 mg/kg; +/R4 and R4/R4, 1 mg/kg). Both the descending and ascending limbs of this U-shaped curve were shifted to the left in both the +/R4 and R4/R4 mice, indicating an increase in the potency, but not efficacy, of SNC80.
To further probe the role of RGS4 in DOPr-mediated antidepressant-like effects, the effects of SNC80 were evaluated in the tail suspension test (TST) in RGS4 +/+, +/R4, and R4/ R4 mice (Fig. 2b) . Doses up to 3.2 mg/kg SNC80 produced dose-dependent decreases in immobility in RGS4 +/+, +/R4, and R4/R4 mice; however, the largest dose tested failed to further decrease immobility. The effect of SNC80 dose was significant (F(4,98) = 18.2, p < 0.0001), but there was only a . n = 6-9 mice per group for all experiments, and data are shown as average per treatment condition with standard error of the mean (sem). *p < 0.05 compared to vehicle treatment in the same genotype, ***p < 0.001 compared to vehicle treatment, #p < 0.05 compared to wild-type mice or control condition with same drug dose Fig. 2 Effects of RGS4 on DOPr-mediated antidepressant-like effects. Immobility scores of RGS4 wild-type (•) and mutant (◐ +/R4; ○ R4/R4) mice following treatment with different doses of SNC80 in the a forced swim test and b tail suspension test (with ◩ indicating SNC80 given as 60 min prior to TST). n = 6-10 mice per group, and data are shown as average per treatment condition with standard error of the mean (sem). *p < 0.05 compared to vehicle treatment in the same genotype, #p < 0.05 compared to wild-type mice with the same drug dose non-significant trend for genotype (F(2,98) = 2.8, p = 0.07) and a non-significant SNC80 dose × genotype interaction. Although the magnitude of effect of SNC80 on immobility reduction was slightly greater in the R4/R4 mice, this effect was not statistically significant. There was no difference in the magnitude of effect or shape of the dose effect curve in RGS4 heterozygous mutant mice treated with SNC80 30 or 60 min prior to the tail suspension test.
Effects of RGS4 on DOPr-mediated convulsions SNC80 produced dose-dependent increases in convulsion frequency in RGS4 +/+, +/R4, and R4/R4 mice (Fig. 3a) . These convulsions were blocked by pretreatment with 3.2 mg/kg naltrindole in all genotypes (Fig. 3b ). There were no significant differences in the frequency, time of onset, and duration (data not shown) of convulsions in the +/R4 or R4/R4 animals relative to wild-type littermates for a given dose of SNC80. There were also no differences between genotypes in the frequency of convulsions produced by the chemical convulsant pentylenetetrazol (data not shown).
To evaluate whether SNC80-induced convulsions are centrally mediated, C57BL6 wild-type mice were pretreated with the non-specific opioid antagonist naltrexone or its peripherally restricted analog N-methylnaltrexone (Fig. 3c ). Ten and 32 mg/kg SNC80 produced convulsions that were blocked by pretreatment with naltrexone but not N-methylnaltrexone.
Effects of RGS4 on DOPr-mediated antihyperalgesia
In order to determine if RGS4 can modulate DOPr-mediated antihyperalgesia, the potency of SNC80 to reverse NTGinduced thermal hyperalgesia in RGS4 +/+, +/R4, and R4/R4 mice was assessed (Fig. 4b ). There were no differences between genotypes in the baseline tail withdrawal latencies prior to NTG treatment (+/+, 39.1 ± 2.4 s; +/R4, 43.3 ± 2.2 s; R4/R4, 42.4 ± 2.3 s). Administration of 10 mg/kg NTG (ip) significantly decreased tail withdrawal latency to a similar degree in all genotypes (+/+, 7.4 ± 1.2 s; +/R4, 9.0 ± 1.1 s; R4/R4, 8.3 ± 0.6 s). Reduction of RGS4 enhanced the ability of SNC80 to increase tail withdrawal latency. Two-way ANOVA revealed a significant interaction (SNC80 dose × genotype, F(8,92) = 2.6, p = 0.01), as well as significant main effects of SNC80 dose (F(4,92) = 25.3, p < 0.0001) and genotype (F(2,92) = 20.9, p < 0.0001). This enhanced effect of SNC80 resulted in a pronounced leftward shift (∼10-fold) in the dose response curve, indicating a significant increase in the potency of SNC80. To evaluate the role of DOPr in SNC80-induced antihyperalgesia, C57BL6 wild-type mice were pretreated with the DOPr selective antagonist naltrindole (Fig. 4c) . Two-way repeated measures ANOVA revealed a significant interaction (NTI) dose × time point, F(2,20) = 8.7, p = 0.01) and a significant main effect of NTI dose (F(1,10) = 5.0, p = 0.05), indicating a DOPrmediated effect. To evaluate the relative contributions of central and peripheral opioid receptors to SNC80-induced antihyperalgesia, C57BL6 wild-type mice were pretreated with the non-selective opioid antagonist naltrexone or the peripherally limited analog N-methylnaltrexone (Fig. 4d) . Two-way repeated measures ANOVA revealed a significant interaction (pretreatment × time point, F(4,32) = 3.0, p = 0.03) and a significant main effect of pretreatment (F(2,16) = 4.4, p = 0.03). Post hoc analysis further revealed that SNC80-induced increases in tail withdrawal latency were blocked by naltrexone (p < 0.01) but not by Nmethylnaltrexone.
Elimination of RGS4 enhances DOPr signaling but does not affect DOPr number
To evaluate the effect of RGS4 on DOPr signaling in brain, whole striatum of R4/R4 mice or their wild-type littermate controls were treated with the DOPr agonist SNC80 (1.0 μM) and phosphorylation of ERK1/2 was examined. This concentration of SNC80 did not increase ERK1/2 phosphorylation in striatum as compared with vehicle treatment in RGS4 +/+ mice but caused a marked increase in ERK1/2 phosphorylation as compared with vehicle in striatal tissue from R4/R4 knockout mice (125 ± 67 %) (Fig. 5b) .
Western blot analysis confirmed a lack of RGS4 protein expression in the RGS4 knockout mice (Fig. 5a ). However, it is possible that the enhanced behavioral effects of SNC80 in RGS4 mutant mice are due to elevated density or agonist affinity of DOPr relative to their wild-type littermates. Saturation binding with the radiolabeled DOPr agonist [ 3 H]DPDPE was performed with brain tissue from RGS4 +/+, +/R4, and R4/R4 mice to assess potential changes in DOPr density and agonist affinity (Fig. 5c ). There were no significant differences in total receptor number between the three gen o t y p e s ( w i l d -t y p e 1 2 4 ± 8 f m o l / m g , + / R 4 165 ± 12 fmol/mg, R4/R4 138 ± 9 fmol/mg). There were also no changes in the K d of [ 3 H]DPDPE for DOPr in the RGS4 mutant mice (Fig. 5d) . 3.2 mg/kg NTX (gray bar) or 10 mg/kg MNTX (light gray bar) on SNC80-induced antihyperalgesia in C57BL6 mice. n = 6-10 mice per group for all experiments, and data are shown as average per treatment condition with standard error of the mean (sem). *p < 0.05 compared to vehicle or NTX treatment in the same genotype, #p < 0.05 compared to wild-type mice with the same drug dose
Discussion
In this report, we demonstrate that RGS4 differentially regulates DOPr-mediated behaviors acting as a negative regulator of some, but not all, behavioral outcomes. In the acetic acid stretch assay (antinociception), SNC80 alleviated acidinduced stretches at a relatively large dose (32 mg/kg) consistent with previous reports (Broom et al. 2002b; Gallantine and Meert 2005; Negus et al. 2012) . Large doses of SNC80 (10 and 32 mg/kg) were also required to reverse NTG-induced thermal hyperalgesia, consistent with the findings of Pradhan et al. (2014) . SNC80-induced antinociception, but not hyperalgesia, was blocked by pretreatment with the peripherally restricted opioid antagonist N-methylnaltrexone, suggesting that peripheral DOPr likely mediated the antinociceptive actions of SNC80 in the acetic acid stretch assay while central DOPr mediated SNC80-induced antihyperalgesia. Genetic loss of RGS4 or acute pharmacological inhibition of RGS4 with CCG-203769 increased the potency of SNC80 to produce antinociception and antihyperalgesia. The fact that significant changes are seen in both the heterozygote (+/R4) and homozygote (R4/R4) knockout mice suggests that DOPr-mediated signaling is exquisitely sensitive to the actions of RGS4. Overall, these observations suggest that central and peripheral DOPr within various pain pathways and neurocircuits are likely colocalized with RGS4 proteins to modulate DOPr signaling and DOPr-induced pain relief in vivo.
Interestingly, pharmacological inhibition or genetic alterations of RGS4 did not alter the potency of the MOPr agonist morphine to produce antinociception in the acetic acid stretch assay, similar to other reports in vivo (Han et al. 2010) and in SHSY5Y cells endogenously expressing opioid receptors and RGS4 proteins (Wang et al. 2009 ). However, RGS4 proteins have been shown to alter MOPr signaling in vitro and in vivo, depending on the cell type, brain region, or MOPr agonist used. For example, RGS4 was shown to regulate the rewarding effects of morphine and the antinociceptive effects of the MOPr agonists methadone and fentanyl but not morphine (Han et al. 2010 ). In addition, in heterologous expression systems, RGS4 can regulate MOPr signaling (Leontiadis et al. 2009; Talbot et al. 2010) . Together, these data suggest that RGS4 proteins may have the capacity to regulate MOPrmediated signaling and behaviors as long as the appropriate proteins are co-expressed in the necessary cells and/or circuits.
It has previously been shown that loss of RGS4 altered SNC80 action in the mouse forced swim test (Stratinaki et al. 2013) ; however, this report only examined a single dose of SNC80 (5 mg/kg) in one behavioral assay, making it difficult to fully assess the role of RGS4 in SNC80-induced antidepressant-like effects. This report sought to expand on those findings and shows that RGS4 plays a complex role in regulating DOPr-mediated antidepressant-like effects, depending on the type of assay employed. In wild-type mice, SNC80 produced decreases in immobility in the forced swim and tail suspension tests, consistent with previous work showing that DOPr agonists produce antidepressant-like effects in these assays (Broom et al. 2002a; Naidu et al. 2007; Saitoh et al. 2011) . In both assays, SNC80 produced U-shaped dose effect curves, such that larger doses of SNC80 (10 mg/kg in TST, 32 mg/kg in FST) failed to produce significant antidepressantlike effects. The lack of effect observed with large SNC80 doses is possibly due to competing behaviors, such as possible recovery from recent seizure events or excessive locomotor Fig. 5 a RGS4 (Chu Sin Chung et al. 2015) . In the forced swim test, elimination of RGS4 shifted the entire U-shaped function to the left, indicating that RGS4 acts as a negative regulator of DOPr-mediated antidepressant-like effects (as well as any possible competing behaviors) in this assay. However, loss of RGS4 activity had no significant effect on SNC80-induced antidepressant-like effects in the tail suspension test. It is unlikely that different SNC80 pretreatment times were responsible for the different effects of RGS4 in the TST and FST because even longer pretreatments (60 min) in the TST did not alter the effects of SNC80 in RGS4 heterozygous knockout mice. Also, relatively similar doses of SNC80 produced antidepressant-like effects in both assays, so it is unlikely that differences in receptor occupancy or efficacy requirement could account for this disparity between the TST and FST. Differences in drug responses between these two behavioral assays have been reported previously (for review see, Cryan et al. 2005) , and it has been argued that the biological substrates underlying these behaviors may be distinct. Therefore, it is possible that the behavioral effects of SNC80 in the two assays may be governed by separate brain regions, behavioral mechanisms, and/or signaling pathways that are differentially dependent on RGS4 signaling.
In contrast to the role of RGS4 in antinociception, antihyperalgesia, and antidepressant-like effects in the FST (but not the TST), reductions in RGS4 did not alter the potency of SNC80 to induce convulsions. The ability of RGS4 to alter a behavioral end point does not appear to be correlated with the potency of SNC80, since similar doses of SNC80 were required to produce convulsions, antinociception, and antihyperalgesia in wild-type mice. Alternatively, if we measured more subtle electroencephalographic activity rather than overt convulsive behavior (Jutkiewicz et al. 2006 ), we may have been able to observe an effect of RGS4 on this end point and future studies will evaluate this. In the present study, convulsions were evaluated in mice that received injections of NTG to induce hyperalgesia in an attempt to reduce the number of animals used. While NTG did not alter the frequency or nature of SNC80-induced convulsions in wild-type mice, it is possible that NTG masked or altered the dependency of convulsions on RGS4. Nevertheless, these results suggest that RGS4 selectively regulates signaling pathways mediating different behavioral outcomes of DOPr activation and is likely not involved in the signaling mechanisms mediating convulsions.
RGS proteins function as negative regulators of G protein signaling by binding Gα-GTP and accelerating Gα-mediated GTP hydrolysis which returns Gα to an inactive state. Loss of RGS function should prolong the lifetime of active Gα and increase downstream signaling. Consistent with this theory, the present study demonstrated that loss of RGS4 potentiated DOPrmediated (1) phosphorylation of ERK1/2 in mouse striatal tissue, (2) peripheral antinociception, (3) central antihyperalgesia, and (4) antidepressant-like effects measured in the FST, likely due to prolongation of DOPrmediated G protein signaling and amplification of downstream effectors. These findings identify some specific DOPr-mediated behaviors and downstream signaling molecules in certain brain regions that are regulated by RGS4. However, DOPr-mediated convulsions and behaviors in the TST were not significantly altered by reductions in RGS4, suggesting that different signaling pathways may underlie these behaviors. DOPr and RGS4 may not be expressed in the same neurons within circuits mediating these behavioral outcomes. For example, while DOPr and RGS4 are both highly expressed in the hippocampus, the proposed origin site of convulsions (Simmons and Chavkin 1996; Chung et al. 2015) , they may not be co-expressed in the same cells and, therefore, may not functionally interact. It is also possible that RGS proteins other than RGS4 modulate the DOPr-induced convulsive effects and behaviors in the TST. Alternatively, these specific DOPr-mediated behaviors may be generated by a G protein-independent, arrestin-mediated signaling mechanism (Violin 2014) . Previous studies demonstrated that DOPr activation leads to signaling through G protein-dependent and G protein-independent pathways (Bradbury et al. 2009; Charfi et al. 2014 Charfi et al. , 2015 ; however, there are few reports connecting these distinct signaling mechanisms to specific behavioral outputs (Chiang et al. 2016; Pradhan et al. 2016 ). In conclusion, this study demonstrates that RGS4 differentially regulates SNC80-induced behaviors, suggesting that different molecular or cellular signaling pathways or neurocircuitry mediate these behavioral outcomes. Future work will investigate the role of other RGS proteins in DOPr-mediated convulsions and the underlying signaling mechanism and pathways mediating the convulsive and other behavioral effects of DOPr agonists.
